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Introduction {#s1}
============

Hypoxia-inducible factor-1α (HIF-1α) is a key transcription factor, and its overexpression is linked to a myriad of pathological consequences in many types of cancer, including breast, ovarian, renal carcinoma, glioblastoma and leiomyoma ([@pone.0113865-Semenza1] [@pone.0113865-Semenza2] and references therein). The stability of the HIF-1α protein is tightly controlled by O~2~ availability. Under normoxia, both proline (Pro)402 and Pro564 located at the O~2~-dependent degradation (ODD) domain of HIF-1α are hydroxylated in the presence of ascorbate, alpha-ketoglutarate (α-KG) or Fe(II) by the prolyl hydroxylase domain (PHD)-containing proteins [@pone.0113865-Schofield1], [@pone.0113865-KaelinJr1]. The von Hippel-Lindau tumor suppressor (pVHL) E3 ligase complex recognizes HIF-1α with either proline hydroxylated, leading to HIF-1α ubiquitylation and degradation by the proteasome [@pone.0113865-Jaakkola1]. PHD2 is the most abundant HIF prolyl hydroxylase for HIF-1α degradation [@pone.0113865-Berra1], [@pone.0113865-Bubendorf1]. Mutations of respective proline located within the N- and C-terminal ODD domain showed approximately equal amounts of increased stability and reduced up-regulation in hypoxia. If both prolines are substituted, HIF-1α shows further increase in stability and no induction in hypoxia [@pone.0113865-Chan1], [@pone.0113865-Masson1].

In cell culture, HIF-1α proline-hydroxylation is inhibited by lower O~2~ tension (below 6%, termed as hypoxia). Under hypoxic condition, the activity of PHD is restricted, thereby inhibiting HIF-1α hydroxylation and degradation [@pone.0113865-KaelinJr1]. Consequently, induced expression of HIF-1α downstream target genes, including *GLUT-1*, *PDK1 and CAIX*, provides survival advantages to tumor cells [@pone.0113865-Semenza3]. Alternatively, loss-of-function mutations in pVHL or the enzymes involved in the metabolism of PHD cofactors cause the accumulation of HIF-1α in cancers. For example, sporadic renal cell carcinoma with mutations or deletions of *VHL* gene exhibits elevated HIF-1α levels [@pone.0113865-Pugh1]. Succinate dehydrogenase (SDH) and fumarate hydratase (FH) are the enzymes that hydrolyze succinate and fumarate, respectively, to fuel the tricarboxylic acid (TCA) cycle. Mutations in SDH or FH are found in cancers and cause succinate or fumarate to accumulate and compete with α-KG for PHD binding, thereby inhibiting PHD and stabilizing HIF-1α [@pone.0113865-Isaacs1], [@pone.0113865-Selak1]. Mutations have also been identified in isocitrate dehydrogenase 1 (IDH1) that inhibit IDH1 catalytic activity in glioma, thereby reducing the production of α-KG, increasing HIF-1α and presumably, tumorigenesis [@pone.0113865-Zhao1]. Therefore, dysregulated cellular metabolome could up-regulate HIF-1α level and create a pseudohypoxic state under normoxia. Other factors also affect the amount of HIF-1α available for transcriptional activation. These include increased HIF-1α production by activated mTOR signaling [@pone.0113865-DelBufalo1] and VHL-independent degradation by heat shock protein 70 (Hsp70) and carboxyl terminus of HSP-interaction protein (CHIP) [@pone.0113865-Luo1]. Moreover, the availability of nutrients, such as glutamine (Gln) and glucose (Glc), also regulates the translation of HIF-1α. It has been shown that the decreased levels of Gln or Glc inhibit the translation of HIF-1α, thereby decreasing the level of HIF-1α [@pone.0113865-Kwon1], suggesting that the fluctuation of metabolites could modulate HIF-1α activity and its downstream signaling to regulate cellular responses.

In the present study, we show that dimethyl-2-ketoglutarate (DKG), a precursor for α-KG, increases HIF-1α abundance and activity. We demonstrate that PHD2 is one of the potential targets for DKG to stabilize HIF-1α. Taken together, our studies identify DKG, unlike α-KG, acts to promote pseudohypoxia by promoting HIF-1α accumulation and function.

Materials and Methods {#s2}
=====================

Cell lines and reagents {#s2a}
-----------------------

All cell lines were cultured in a humidified 5% CO~2~ incubator at 37°C. Human BC cell lines: MDA-MB-231, MCF7, human fibroblast cell line HS-5 [@pone.0113865-Roecklein1] (purchased from ATCC CRL-11882) and HEK293 cells were all cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal bovine serum (FBS) and penicillin (100 U/ml)-streptomycin (100 µg/ml). The human mammary epithelial cell line, MCF-10A [@pone.0113865-Tait1] (a gift from Dr. Emily Wang, City of Hope, originally purchased from ATCC CRL-10317), was grown in DMEM supplemented with 5% horse serum, cholera toxin (0.1 µg/ml), insulin (10 µg/ml), hydrocortisone (0.5 µg/ml) and epidermal growth factor (20 ng/ml). Normal human dermal fibroblasts (NHDF) were cultured in minimum essential medium alpha (MEM-A) with antibiotics and 15% FBS. Hypoxic treatment was performed using an OxyCycler system (model C42; BioSpherix, Redfield, NY) set at 1% O~2~, according to the manufacturer\'s instructions. Dimethyl 2-ketoglutarate (DKG), desferrioxamine (DFO), dimethyloxalylglycine (DMOG) and cycloheximide (CHX) were purchased from Sigma. Octyl 2-ketoglutarate (Octyl-2KG) and its derivatives MPTOM001 and MPTOM002 were synthesized by Dr. Jing-Ping Liou (Taipei Medical University). MG132 was obtained from Calbiochem.

Western blots and antibodies {#s2b}
----------------------------

For protein expression studies, whole cell lysates were extracted by SDS lysis buffer as previously described [@pone.0113865-Clavijo1], [@pone.0113865-Chen1], and supplemented with Complete protease inhibitor mixture (Roche Applied Science). Equal amounts of whole cell lysates were loaded, the proteins were separated by SDS-PAGE and immunoblotted with antibodies that recognized HIF-1α (BD Bioscience, 610958), HIF-2α (Novus Biologicals, NB100-122), phospho-p70S6K (Thr389, Cell Signaling, 9234), p70S6K (Cell Signaling, 9202), phospho-4EBP1 (Thr37/46, Cell Signaling, 2855), 4EBP1 (Cell Signaling, 9452), hydroxy-HIF1α (Pro564, Cell Signaling, 3434), CAIX (GeneTex, GTX70020). Anti-GAPDH (Santa Cruz Biotechnology, sc-25778) and anti-Actin (Millipore, 2020280) antibodies were used to assess equal protein loading. Immunoblots were visualized by an enhanced chemiluminescence detection kit (ECL-Plus, Amersham Pharmacia Biotech) and were imaged with a Versadoc 3000 Imaging System (Bio-Rad). Densitometric tracing were obtained and quantitated with Quantity One Software (Bio-Rad).

Reverse transcription (RT) and quantitative PCR (qPCR) {#s2c}
------------------------------------------------------

Total RNA was extracted from cells using an RNeasy Mini Kit (Qiagen) according to manufacturer instructions. cDNA was synthesized from the total RNA using an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR analyses of targeted sequences were generated using the iTaq SYBR Green Supermix (Bio-Rad), a fraction of each cDNA sample, and gene-specific primer pairs: *HIF-1α*: 5′-CCACCTATGACCTGCTTGGT-3′ (Forward), 5′-TATCCAGGCTGTGTCGACTG-3′ (Reverse); *GLUT-1*: 5′- ATTGGCTCCGGTATCGTCAAC-3′ (Forward), 5′-GCTCAGATAGGACATCCAGGGTA-3′ (Reverse); *PDK1*: 5′- GAGAGCCACTATGGAACACCA-3′ (Forward), 5′-GGAGGTCTCAACACGAGGT-3′ (Reverse); *CAIX*: 5′- GTGCCTATGAGCAGTTGCTGTC-3′ (Forward), 5′-AAGTAGCGGCTGAAGTCAGAGG-3′ (Reverse); *p21*: 5′- TTTCTCTCGGCTCCCCATGT-3′ (Forward), 5′-GCTGTATATTCAGCATTGTGGG-3′ (Reverse); *GAPDH*: 5′- CCCCTTCATTGACCTCAACTA-3′ (Forward), 5′-CTCCTGGAAGATGGTGATGG-3′ (Reverse). PCR amplification and fluorescence were detected using a MyIQ real-time PCR detection system, and threshold cycles were determined by iCycler program (default setting). Fold induction was determined using the ΔΔC~T~ method normalized to GAPDH.

Dual-luciferase reporter assay {#s2d}
------------------------------

The *p21-Luc* reporter construct was cloned as previously described [@pone.0113865-Lee1], [@pone.0113865-Li1]. HA-HIF-1α-pcDNA3 was purchased from Addgene 18949 [@pone.0113865-Kondo1]. ODD-Luc-pcDNA3 was obtained from Addgene 18965 [@pone.0113865-Safran1]. For the ODD-luciferase assay, HEK293 cells were transfected with ODD-Luc-pcDNA3 using Lipofectamine 2000 (Invitrogen) following the manufacturer\'s instructions. To evaluate p21 promoter activity, HEK293 cells were co-transfected with *p21-Luc* and HA-HIF-1α. A renilla luciferase control reporter pRL-TK was also co-transfected. Firefly luciferase activity was assayed with the Dual-Luciferase Reporter Assay System (Promega) and normalized against renilla luciferase activity.

Small interfering RNA (siRNA) transfection and semi-quantitative nested RT-PCR {#s2e}
------------------------------------------------------------------------------

siRNAs that targeted PHD1, PHD2, PHD3 and a control siRNA were purchased from Santa Cruz Biotechnology. Cells were transfected using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer\'s instructions. The efficiency of siRNA was determined by semi-quantitative nested RT-PCR of the relevant genes using gene-specific primer pairs purchased from Santa Cruz Biotechnology.

Acid phosphatase (ACP) assay {#s2f}
----------------------------

Cell proliferation was measured by ACP assay. MDA-MB-231 cells pre-treated with DKG (10 mM, 7-day) were seeded at 5000 cells/well in the 96-well plate. Cells were treated with increasing doses (0--400 nM) of doxorubicin for 72-hour. To perform the ACP assay, cells were washed with PBS once and incubate with 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP) (7 mM in 0.1 M sodium acetate and 0.1% Triton X-100, pH 5.0) at 37°C for 30-min. Cells were lysed by adding 1 N NaOH and the absorbance was recorded at 410 nm using a SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices).

Apoptosis analysis {#s2g}
------------------

Apoptosis was analyzed by Annexin V/Propidium iodide (PI) staining (BD Pharmingen) according to manufacturer\'s instructions. In brief, MDA-MB-231 cells were treated with DKG (10 mM, 24-hour), trypsinized, washed with PBS and re-suspended in binding buffer. Approximately 1×10^5^ cells were stained with Annexin V-FITC and PI, incubated at room temperature for 15-min, and analyzed by Accuri C6 Flow Cytometer (BD Biosciences).

Statistical analyses {#s2h}
--------------------

The data were analyzed using Microsoft Excel software. Each experiment was performed at least three times to obtain presented mean ± SD. Statistical significance was determined by two-tailed Student\'s *t*-test. *p*\<0.05 is considered significant. ~\*~: *p*\<0.05; ~\*\*~: *p*\<0.01.

Results {#s3}
=======

DKG increases HIF-1α abundance under normoxia {#s3a}
---------------------------------------------

To gain insight into the regulation of HIF-1α abundance by small molecules, we discovered that dimethyl-2-ketoglutarate (DKG), the precursor of α-ketoglutarate (α-KG) of tricarboxylic acid (TCA) cycle intermediate, elevated HIF-1α protein level, in human NHDF fibroblasts, marrow stromal HS-5 cells and mammary epithelial MCF-10A cells under normoxia ([Fig. 1A](#pone-0113865-g001){ref-type="fig"}). The extent of induction was comparable to that of desferrioxamine (DFO), an iron chelator known to stabilize HIF-1α [@pone.0113865-Wang1]. Next, we assessed the effect of DKG and compared it, side by side, with Octyl-2KG on the regulation of HIF-1α abundance in breast cancer MDA-MB-231 cells. Octyl-2KG reportedly promotes hydroxylation of Pro-residues located at the HIF-1α ODD domain to down-regulate HIF-1α [@pone.0113865-Zhao1], [@pone.0113865-MacKenzie1]. As shown in [Figs. 1B and 1C](#pone-0113865-g001){ref-type="fig"}, HIF-1α protein abundance was notably elevated by DKG under normoxia. In contrast, no appreciable induction of HIF-1α was observed in cells treated with Octyl-2KG at various time points. Instead, the steady-state HIF-1α level was, consistent with previous reports [@pone.0113865-Zhao1], [@pone.0113865-MacKenzie1], down-regulated by 50% at 60-min post-treatment ([Fig. 1C](#pone-0113865-g001){ref-type="fig"}). Moreover, Octyl-2KG blocked the induction of HIF-1α by DFO ([Fig. 1D](#pone-0113865-g001){ref-type="fig"}). We further modified Octyl-2KG to generate two additional derivatives, but we did not observe any change in HIF-1α levels in cells treated with these two compounds under normoxia ([Fig. 1E](#pone-0113865-g001){ref-type="fig"}) or DFO-mimicked hypoxia ([Fig. 1F](#pone-0113865-g001){ref-type="fig"}). Altogether, the results suggest that unlike Octyl-2KG, DKG acts to increases HIF-1α abundance rather than to promote its degradation.

![DKG promotes the HIF-1α accumulation in multiple cell lines under normoxia.\
(**A**) DKG elevates the steady-state HIF-1α abundance in non-cancerous cells. Human NHDF fibroblasts, stromal HS-5 cells and mammary epithelial MCF-10A cells were incubated with DKG under normoxia. The treatment with DFO (100 µM, 6-hour) to mimic hypoxia serves as a positive control. (**B**) DKG, but not Octyl-2KG, increases HIF-1α abundance in MDA-MB-231 cells under normoxia. MDA-MB-231 cells were treated with increasing doses of either DKG or Octyl-2KG for 2-hour. (**C**) Octyl-2KG decreases the steady-state HIF-1α protein abundance in a time-dependent manner. MDA-MB-231 cells were treated with Octyl-2KG (1 mM) for the indicated time periods. Cells treated with DKG (10 mM, 120-min) served as a positive control. (**D**) Octyl-2KG decreases HIF-1α protein level induced by DFO. MDA-MB-231 cells were treated with DFO (100 µM) and increasing doses of Octyl-2KG for 6-hour. (**E--F**) Octyl-2KG derivatives, MPTOM001 and MPTOM002, do not affect HIF-1α protein levels. MDA-MB-231 cells were treated with MPTOM001 or MPTOM002 in the absence (**E**) or presence (**F**) of DFO (100 µM). The chemical structures of DKG, Octyl-2KG, MPTOM001 and MPTOM002 are shown in (**C**, **D**, **E**). (**A--F**) Equal amount of whole cell lysates was analyzed by Western blots. GAPDH or Actin serves as a loading control. n = 3. A representative Western image from 3 independent experiments is shown. *Italic numbers* indicate the relative protein level after normalization with the level in the untreated cells.](pone.0113865.g001){#pone-0113865-g001}

DKG blocks HIF-1α degradation {#s3b}
-----------------------------

To explore how DKG elevated HIF-1α abundance, we sought to determine if DKG increased the steady-state *HIF-1α* mRNA level, and found that the *HIF-1α* mRNA abundance in MDA-MB-231 cells was not increased at all following DKG-treatment ([Fig. S1A](#pone.0113865.s001){ref-type="supplementary-material"}). Given that both HIF-1α and HIF-2α accumulate upon hypoxic exposure [@pone.0113865-Carroll1], we next checked whether DKG increased HIF-1α or HIF-2α abundance under hypoxia. Clearly, the effects by DKG and that by hypoxia on HIF-1α abundance were not mutually exclusive in both MDA-MB-231 ([Fig. 2A](#pone-0113865-g002){ref-type="fig"}) and MCF7 ([Fig. 2B](#pone-0113865-g002){ref-type="fig"}) cells, albeit with different kinetics. As shown in [Figs. 2A and 2B](#pone-0113865-g002){ref-type="fig"}, the combined treatment modestly promoted HIF-1α accumulation over individual treatments at 2- and 6-hour post-exposure (*lanes* 8--10 versus *lanes* 2--4 and 5--7). Along the same line, PHDs (mainly PHD2) also target Pro531 of HIF-2α for hydroxylation, thereby regulating HIF-2α stability [@pone.0113865-Schofield1], [@pone.0113865-KaelinJr1]. In parallel, HIF-2α was up-regulated, albeit to a much lesser extent, by DKG in both MDA-MB-231 and MCF7 cells ([Figs. 2A, 2B](#pone-0113865-g002){ref-type="fig"}), suggesting that DKG likely targets a common pathway governing both HIF-1α and HIF-2α abundance. Comparable results were observed using a hypoxia-mimetic agent, DFO, in both MDA-MB-231 and MCF7 cells ([Figs. S1B, S1C](#pone.0113865.s001){ref-type="supplementary-material"}).

![DKG blocks HIF-1α degradation, rather than inducing its transcription or translation.\
(**A, B**) DKG increases HIF-1α abundance in both normoxic and hypoxic conditions. MDA-MB-231 (A) and MCF7 (B) cells were cultured in normoxia (21% O~2~) or hypoxia (1% O~2~) for 2-, 6- or 24-hour in the presence or absence of DKG (5 mM). (**C**) DKG reduces mTOR signaling. MDA-MB-231 cells were treated with DKG in the presence or absence of Gln. The signals of pT389-p70S6K and pT37/46-4EBP1 were used to as surrogate markers for mTOR activation. (**D**) DKG fails to further elevate HIF-1α protein abundance in cells pre-treated with MG132. MDA-MB-231 cells were pre-treated with a proteasome inhibitor, MG132 (5 µM, 4-hour) to block the proteasomal degradation. The cells were then continuously treated with MG132 and vehicle or DKG to assess HIF-1α abundance. (**E**) DKG, like DMOG or DFO, converges on proteasome-mediated degradation of HIF-1α. MDA-MB-231 cells treated with MG132 were co-treated with DKG (5 mM), DMOG (0.1 mM) or DFO (100 µM) for 6-hour and assessed for HIF-1α abundance. (**F**) Inhibiting PHD does not further increase the level of HIF-1α protein induced by DKG. MDA-MB-231 cells were treated with DKG (5 mM), DMOG (0.1 mM) or both for the indicated time periods under normoxia. (**E**--**F**) Numbers in *italic* represent the relative levels of HIF-1α protein. The level in untreated cells was set to 1. (**A**, **C**--**F**) A representative Western image from 3 independent experiments is shown. *Italic numbers* indicate the relative protein level after normalization with the level in the untreated cells set as 1.](pone.0113865.g002){#pone-0113865-g002}

Furthermore, to evaluate whether DKG has an impact on global protein synthesis, we looked at the surrogate markers for mTOR activation, phospho-p70S6K and phospho-4EBP1 signals. We observed that DKG-treatment led to a decrease of phospho-p70S6K and total 4EBP1 signals ([Fig. 2C](#pone-0113865-g002){ref-type="fig"}). Although this observation was consistent with a recent report showing that α-KG blocks mTOR activity through the inhibition of ATP synthase [@pone.0113865-Chin1], it was unlikely that the down-regulation of mTOR signaling, hence the decreased mTOR-mediated protein synthesis, accounted for the elevated HIF-1α abundance upon DKG-treatment. To further rule out this possibility, we further revealed that DKG was still able to induce HIF-α accumulation, albeit to a lesser extent, upon Gln depletion ([Fig. 2C](#pone-0113865-g002){ref-type="fig"}, *lanes 5 and 6* versus *lane 4*), a condition known to suppress HIF-1α translation [@pone.0113865-Kwon1] ([Fig. 2C](#pone-0113865-g002){ref-type="fig"}, *lane 4* versus *lane 1*). Based on these observations that DKG increased HIF-1α abundance without increasing *HIF-1α* steady-state mRNA level and without enhancing mTOR signaling, we hypothesized that DKG impaired the degradation of HIF-1α. To test this possibility, MDA-MB-231 cells were pre-treated with MG132, a proteasome inhibitor known to retard proteasome-dependent protein degradation [@pone.0113865-Lee2], to elevate HIF-1α abundance under normoxia, and then followed by the treatment of DKG or vehicle to assess HIF-1α abundance in the presence of MG132. We found that DKG had no additional effect on HIF-1α level when proteasome-dependent degradation was blocked ([Fig. 2D](#pone-0113865-g002){ref-type="fig"}), implicating that DKG and MG132 acted on the same pathway. To understand at which step DKG acted to inhibit HIF-1α degradation, we compared HIF-1α abundance in MDA-MB-231 cells treated with a combination of DKG, dimethyloxalyglycine (DMOG), which inhibits HIF-1α hydroxylation, DFO and MG132. The levels of HIF-1α in cells undergoing different treatment were almost comparable, irrespective of the combination ([Fig. 2E](#pone-0113865-g002){ref-type="fig"}), further supporting that DKG, DMOG and DFO may all act in the same pathway to retard HIF-1α degradation. To ascertain this, MDA-MB-231 cells were treated with DKG, DMOG or both and HIF-1α levels were determined. DKG or DMOG alone increased HIF-1α, but combining them did not further elevate HIF-1α abundance, compared to the single treatments ([Fig. 2F](#pone-0113865-g002){ref-type="fig"}). We therefore postulated that DKG and DMOG acted redundantly to increase HIF-1α stability. Collectively, these data supported a mechanism in which DKG blocked HIF-1α proteasomal degradation.

DKG inhibits HIF-1α proline hydroxylation and degradation mediated by PHD2 {#s3c}
--------------------------------------------------------------------------

To explore how DKG impairs HIF-1α degradation, we next compared the HIF-1α half-life in cells in the presence and absence of DKG. First, cells were pre-treated with DKG for 2-hour to boost HIF-1α level, then incubated in the presence of cycloheximide (CHX) to block protein biosynthesis and treated or untreated with DKG. The half-life of HIF-1α induced by DKG was between 1- and 2-hour after DKG withdrawal, but continuous exposure to DKG prolonged the half-life of HIF-1α induced by DKG to longer than 2-hour ([Fig. 3A](#pone-0113865-g003){ref-type="fig"}). The observation that DKG extended HIF-1α half-life further corroborated that DKG inhibits HIF-1α degradation. Because PHDs use α-KG as a cofactor to catalyze hydroxylation on the substrates, we then tested whether DKG stabilized HIF-1α through modulating the activity of PHDs. Under normoxia, knocking down PHD2, but not PHD1 or 3 ([Fig. 3B](#pone-0113865-g003){ref-type="fig"}, *lower panel*), markedly increased HIF-1α abundance ([Fig. 3B](#pone-0113865-g003){ref-type="fig"}, *upper panel*). This observation was consistent with the previous reports that HIF-1α stability was primarily regulated by PHD2 [@pone.0113865-Berra1], [@pone.0113865-Tennant1]. Notably, treatment of DKG did not further induce the accumulation of HIF-1α in the PHD2-knockdown cells, while HIF-α was still up-regulated by DKG in the PHD1 or PHD3-knockdown cells ([Fig. 3B](#pone-0113865-g003){ref-type="fig"}, *upper panel*). Taken together, we concluded that DKG promoted HIF-1α accumulation, at least in part, by inhibiting the PHD2-mediated HIF-1α degradation. Moreover, results from ODD-luciferase reporter assays supported that DKG directly inhibited PHD activity on the ODD hydroxylation ([Fig. 3C](#pone-0113865-g003){ref-type="fig"}). Lastly, we used a specific antibody that recognized HIF-1α hydroxylated at Pro564 to determine the levels of hydroxylated HIF-1α when proteasomal degradation was inhibited by MG132. Treating the cells with DMOG, completely inhibited both the hydroxylation and ubiquitylation of HIF-1α ([Fig. 3D](#pone-0113865-g003){ref-type="fig"}, *lane 2* versus *lane 1*), and served as a control. Likewise, DFO, an iron chelator that modulates PHD activity, blocked the hydroxylation of HIF-1α ([Fig. 3D](#pone-0113865-g003){ref-type="fig"}. *lane 3*). We found that DKG reduced the levels of hydroxylated HIF-1α in a dose-dependent manner, whereas Octyl-2KG did not ([Fig. 3D](#pone-0113865-g003){ref-type="fig"}). Notably, the total HIF-1α abundances were inversely correlated with the levels of hydroxylated HIF-1α ([Fig. 3D](#pone-0113865-g003){ref-type="fig"}, *1^st^ and 2^nd^ panels*). Altogether, we concluded that DKG targeted PHD2 to block the oxygen-dependent hydroxylation of HIF-1α at Pro564, thereby stabilizing HIF-1α.

![DKG stabilizes HIF-1α by inhibiting HIF-1α proline hydroxylation and degradation.\
(**A**) DKG increases HIF-1α protein stability. MDA-MB-231 cells were pretreated with DKG (5 mM, 2-hour), then treated with CHX (20 µg/ml) in the presence or absence of DKG (5 mM) for an additional time period as indicated (*upper panel*). The relative abundance of HIF-1α is shown (*lower panel*). ~\*~: *p*\<0.05; n = 3. (**B**) DKG blocks HIF-1α degradation mediated by PHD2. MDA-MB-231 cells were transfected with control siRNA or siRNAs targeting PHD1, PHD2 or PHD3 before treating with DKG (5 mM, 2-hour) (upper panel). *Italic numbers* represent the relative quantitation of protein levels. The level in the untreated sample from each pair of siCON-transfected, untreated cells was set as 1. The extent of respective knockdown of PHD1, 2 or 3 was assessed with semi-quantitative nested RT-PCR, followed by agarose gel electrophoresis (*lower panel*). (**C**) DKG increases HIF-1α stability through its oxygen-dependent degradation domain (ODD). ODD-luciferase activity was assayed in MDA-MB-231 cells co-transfected with ODD-luciferase reporter and control renilla luciferase reporter and treated with increasing doses of DKG for 6-hour. DMOG-treated cells serve a positive control. ~\*~: *p*\<0.05; n = 3. (**D**) Hydroxylation at Pro564 of HIF-1α is inhibited by DKG. MDA-MB-231 cells were treated with the proteasome inhibitor, MG132, combined with the indicated chemicals to assess the level of HIF-1α hydroxylated at Pro564. The high-molecular weight, smeared species are the ubiquitylated HIF-1α. (**A**, **B**, **D**) A representative Western image from 3 independent experiments is shown.](pone.0113865.g003){#pone-0113865-g003}

DKG enhanced HIF-1α downstream signaling {#s3d}
----------------------------------------

To determine whether the HIF-1α protein induced by DKG was transcriptionally functional, we assessed several HIF-1α downstream target genes in DKG-treated cells. Steady-state levels of *GLUT1*, *PDK1* and *CAIX* mRNA were significantly up-regulated in DKG-treated MDA-MB-231 cells ([Figs. 4A--4C](#pone-0113865-g004){ref-type="fig"}) and the induction of *GLUT1*, *PDK1* and *CAIX* was HIF-1α-dependent as knockdown of HIF-1α by a short hairpin (sh) RNA dampened the abundances of these three messages induced by DKG-treatment ([Figs. 4A--4C](#pone-0113865-g004){ref-type="fig"}). CAIX protein level also significantly increased by DKG in a HIF-1α-dependent manner ([Fig. 4D](#pone-0113865-g004){ref-type="fig"}). Moreover, HIF-1α was reportedly to up-regulate *p21* expression to arrest cell cycle progression [@pone.0113865-Koshiji1]. Consistently, we observed that there was a HIF-1α-dependent up-regulation of *p21* message abundance upon DKG-treatment and the knockdown of HIF-1α reduced *p21* mRNA induction ([Fig. 4E](#pone-0113865-g004){ref-type="fig"}). In addition, to further confirm that DKG-mediated HIF-1α accumulation regulates the transcription of *p21*, we overexpressed HIF-1α and found that the activity of *p21* promoter was significantly increased ([Fig. 4F](#pone-0113865-g004){ref-type="fig"}). All together, these results suggested that DKG was able to enhance HIF-1α activity and to induce its downstream signaling, implying that DKG may regulate various HIF-1α-dependent biological processes, including cell cycle progression and Glc metabolism. To explore the biological consequence of increased HIF-1α abundance in response to DKG-treatment, MDA-MB-231 cells were treated with DKG for 72-hour and measured cell proliferation and cell death. Clearly, DKG reduced cell proliferation ([Fig. 4G](#pone-0113865-g004){ref-type="fig"}), consistent with *p21* induction, possibly due to the elevation of HIF-1α signaling, as previously described [@pone.0113865-Koshiji1], [@pone.0113865-Rzeski1]. However, the reduced cell proliferation was not resulted from massive cell death ([Fig. 4H](#pone-0113865-g004){ref-type="fig"}). Moreover, pre-treatment of DKG rendered the MDA-MB-231 cells more resistant to a genotoxic agent, doxorubicin ([Fig. 4I](#pone-0113865-g004){ref-type="fig"}), corroborating the role of HIF-1α activation in doxorubicin resistance [@pone.0113865-Song1].

![DKG activates HIF-1α downstream signaling.\
(**A, B, C**) DKG induces HIF-1α target gene expression. *GLUT1 (A)*, *PDK1 (B) and CAIX (C)* mRNA abundance was assessed in MDA-MB-231/shCON and/shHIF-1α cells treated with DKG (5 mM, 6- or 16-hour) by quantitative PCR. ~\*~: *p*\<0.05; ~\*\*~: *p*\<0.01 (DKG-treated versus. untreated); \#: *p*\<0.05; \#\#: *p*\<0.01 (shHIF-1α versus. shCON); n = 3. (**D**) CAIX is induced by DKG in a HIF-1α-dpenendent manner. CAIX protein level in the MDA-MB-231/shCON and/shHIF-1α cells treated with DKG (5 mM, 6- or 24-hour) was examined by Western blot analyses. A representative Western image from 3 independent experiments is shown. (**E**) DKG mediates a HIF-1α-dependent increase of *p21* mRNA abundance. *p21* mRNA abundance was measured in MDA-MB-231/shCON and/shHIF-1α cells treated with DKG (10 mM, 48-hour) by quantitative PCR. (**F**) HIF-1α activates *p21-Luc* reporter. *p21-Luc* reporter activity was quantitated by luciferase assays in HEK293 cells co-transfected with a combination of HIF-1α expression construct, *p21-Luc*, and renilla control reporter. (**G**) DKG inhibits cell proliferation. Cell proliferation was determined by measuring the activity of acid phosphatase (ACP) in the MDA-MB-231 cells treated with DKG (10 mM, 72-hour). (**H**) DKG does not induce apoptosis/cell death. Annexin V/PI double staining was performed to quantitate apoptosis/cell death in MDA-MB-231 cells treated with DKG (10 mM, 24-hour). (**I**) DKG pre-treatment renders doxorubicin resistance. MDA-MB-231 cells were pre-treated with DKG (10 mM, 7-day) and then treated with increasing doses of doxorubicin (0--400 nM). Cell proliferation was measured by ACP assay. ~\*~: *p*\<0.05; ~\*\*~: *p*\<0.01; n = 3.](pone.0113865.g004){#pone-0113865-g004}

Discussion {#s4}
==========

Conventional wisdom suggests that α-KG is not only a metabolite, but also a co-substrate for a large family of dioxygenases, including PHD family members [@pone.0113865-Loenarz1]. HIF-1α is modified by PHDs, and thereafter degraded by proteasome via VHL protein-dependent ubiquitylation [@pone.0113865-Epstein1], [@pone.0113865-Zhang1]. The cell membrane-permeable α-KG precursor, DKG, has been experimentally tested as supplements to rescue cell growth under Gln-deprivation [@pone.0113865-Wise1], [@pone.0113865-Lin1]. However, another kind of α-KG analogues, such as Octyl-2KG and related derivatives, significantly down-regulate HIF-1α in multiple cell types, including cancer cells with IDH1 or SDH mutations, by acting as a PHD cofactor to promote PHD function [@pone.0113865-Zhao1], [@pone.0113865-MacKenzie1]. Counter-intuitively, we show here that DKG stabilized HIF-1α by inhibiting PHD2, thereby creating pseudohypoxia under normoxia and nutrient-rich condition. Conceivably, it is prudent to suggest the possibility that DKG possesses a previously unrecognized non-canonical function to promote HIF-1α accumulation under nutrient-rich condition, in addition to serving as its canonical function of rescuing cell proliferation under nutrient-deprived condition.

Rzeski et al. have shown that α-KG has anti-proliferative effects on colon cancer cells, that are accompanied by the up-regulation of p21, p27 and down-regulation of cyclin D1 [@pone.0113865-Rzeski1]. Furthermore, α-KG can extend the lifespan of *C. elegans*, suggesting that α-KG regulates multiple cellular processes that are important for maintaining the viability of organisms. Our data suggest that DKG creates a pseudohypoxic state by up-regulating HIF-1α. Unlike α-KG or Octyl-2KG, DKG inhibits the proline hydroxylation of HIF-1α by PHD2 ([Fig. 3](#pone-0113865-g003){ref-type="fig"}). Given that PHD2 requires α-KG as a cofactor for function, we propose that DKG may be by itself or metabolized or processed (to other than α-KG) to inhibit PHD2 activity. For example, succinate and fumarate are the metabolites downstream of α-KG in TCA cycle, and both of them can inhibit PHD2 activity, either through competing with α-KG binding to PHD2, or by intercalating with glutathione to induce the production of reactive oxygen species (ROS) [@pone.0113865-Isaacs1], [@pone.0113865-Selak1], [@pone.0113865-SullivanLucas1]. We suspect that DKG could be rapidly processed to succinate or fumarate under nutrient-rich conditions, thereby inhibiting PHD2. Another possibility is that the intracellular ROS levels, elevated under pseudohypoxia induced by DKG, lead to the HIF-1α stabilization. Increased ROS has also been linked to PHD2 inhibition and HIF-1α accumulation [@pone.0113865-Niecknig1], [@pone.0113865-Guzy1]. Indeed, the accumulation of HIF-1α induced by DKG was partially suppressed by pre-treating cells with N-acetylcysteine, a ROS scavenger (data not shown).

Under normoxic conditions, HIF-1α is efficiently degraded. PHD2 is the major regulator controlling the degradation of HIF-1α ([Fig. 3B](#pone-0113865-g003){ref-type="fig"}) [@pone.0113865-Berra1], [@pone.0113865-Tennant1]. The regulation is complicated by the hypoxic induction of PHD2 and PHD3, and additional mechanisms to promote HIF accumulation may be required to prevent complete HIF degradation in the chronic hypoxic conditions found in tumors [@pone.0113865-Appelhoff1]. Of note, PHDs are not the only biological means for α-KG to inactivate HIF-1α [@pone.0113865-KaelinJr1]. For example, the oxygen-dependent hydroxylase factor inhibiting HIF hydroxylates asparagine (Asn803) residue in the C-terminal transactivation domain of HIF-1α in an α-KG-dependent manner, reducing the binding of HIF-1α to transcriptional co-activators [@pone.0113865-Mahon1], [@pone.0113865-Zhang2]. Additional regulatory modifications of the HIF-1α include SUMOylation [@pone.0113865-Cheng1], [@pone.0113865-Kang1], acetylation [@pone.0113865-Jeong1] and phosphorylation [@pone.0113865-Flgel1], [@pone.0113865-Warfel1]. Although the effect of DKG on these HIF-1α post-translational modifications other than PHD2-dependent proline-hydroxylation and ubiquitylation remains to be investigated, it is clear that DKG activates HIF-1α signaling ([Fig. 4](#pone-0113865-g004){ref-type="fig"}).

In summary, our study identifies DKG as a potent activator of HIF-1α by stabilizing HIF-1α in a PHD2-dependent manner under both normoxia and hypoxia. HIF-1α is known to play a major role in tumorigenesis, through activation of several genes implicated in many aspects of cancer progression and prognosis [@pone.0113865-Semenza2]. On the other hand, PHD2 has been shown to be down-regulated in human breast cancers [@pone.0113865-Bordoli1]. Based on our results, we show that inhibition of PHD2 by DKG increases the expression of genes implicated in the glycolytic pathway (*GLUT1* and *PDK1*), the mechanism known to play an important role in cancer progression. Hence, DKG could be a useful molecule allowing us to investigate DKG-PHD2-dependent regulation of specific HIF-1α target genes in order to better understand hypoxia signaling mechanisms and for the identification of new therapeutic targets.

Supporting Information {#s5}
======================

###### 

(**A**) **DKG does not up-regulate** ***HIF-1α*** **mRNA abundance.** Quantitative PCR was used to assess *HIF-1α* mRNA levels in MDA-MB-231 cells treated either with DKG (10 mM) for the indicated time periods, or DFO (100 µM, 8-hour) under normoxia; n = 3. (**B, C**) DKG induces HIF-1α in both normoxic and DFO-mimicked hypoxic conditions. MDA-MB-231 (B) and MCF7 (C) cells were treated with DFO (100 µM) for 2-, 6- or 24-hour in the presence or absence of DKG (5 mM). *Italic numbers* indicate the relative protein level after normalization with the level in the untreated cells.

(TIF)

###### 

Click here for additional data file.
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